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Abstract. Environmental ﬁltering—abiotic and biotic constraints on the demographic performance of
individual organisms—is a widespread mechanism of selection in communities. A given individual is
“ﬁltered out” (i.e., selectively removed) when environmental conditions or disturbances like ﬁres preclude
its survival and reproduction. Although interactions between these ﬁlters and dispersal from the regional
species pool are thought to determine much about species composition locally, there have been relatively
few studies of dispersal 9 ﬁltering interactions in species-rich communities and fewer still where ﬁre is
also a primary selective agent. We experimentally manipulated dispersal and ﬁltering by ﬁre (pre-ﬁre fuel
loads and post-ﬁre ash) in species-rich groundcover communities of the longleaf pine ecosystem. We tested
four predictions: (1) That species richness would increase with biologically realistic dispersal (seed addition); (2) that the immediate effect of increased fuels in burned communities would be to decrease species
richness, whereas the longer-term effects of increased fuels would be to open recruitment opportunities in
the groundcover, increase species richness, and increase individual performance (growth) of immigrating
species; (3) that adding ash would increase species richness; and (4) that increased dispersal would generate larger increases in species richness in plots with increased fuels compared to plots with decreased fuels.
We found that dispersal interacted with complex ﬁre-generated ﬁltering during and after ﬁres. Dispersal
increased species richness more in burned communities with increased and decreased fuels compared to
burned controls. Moreover, individuals of immigrating species generally grew to larger sizes in burned
communities with increased fuels compared to burned controls. In contrast to dispersal and fuels, ash had
no effect on species richness directly or in combination with other treatments. We conclude that ﬁltering
occurs both during ﬁres and in the post-ﬁre environment and that these inﬂuences interact with dispersal
such that the consequences are only fully revealed when all are considered in combination. Our experiment
highlights the importance of considering the dynamic interplay of dispersal and selection in the assembly
of species-rich communities.
Key words: ash; community assembly; environmental ﬁlters; ﬁre; fuels; high-diversity communities; longleaf pine
savanna; seed dispersal; seed limitation; selection; species pool; species richness.
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INTRODUCTION

exclude species or homogenize community composition when disturbance-tolerant species domi 2008).
nate post-ﬁre patches (Pausas and Verdu
Fire is a transient ﬁlter in a given site; when ﬁres
are more severe, there is higher likelihood of mortality (Gagnon et al. 2012, 2015) and there is
decreased species richness (Myers and Harms
2011, Burkle et al. 2015). Second, ﬁre may increase
species richness by opening space for recruitment
from the regional species pool (Myers and Harms
2011). In this case, the post-ﬁre environment
might present a transient recruitment opportunity
after ﬁre opens space suitable for germination and
establishment (i.e., “safe sites”; Harper 1977) by
temporarily reducing the depressant effects on
smaller individuals of litter and larger neighbors
(MacDougall and Turkington 2006, Ratajczak
et al. 2012, Kirkman et al. 2016).
The inﬂuence of environmental ﬁltering in community assembly may vary depending on rates of
dispersal (Leibold et al. 2004). In particular, the
degree of ﬁltering may depend in large part on
the rate of dispersal from the species pool (i.e.,
immigration). One way to test this prediction is to
manipulate seed arrival from the species pool in
combination with environmental ﬁlters such as
competitors or predators, disturbance, and
resource availability (Myers and Harms 2009b).
For example, Gross et al. (2005) manipulated
nutrients and disturbance and found that nonresident species in their low-productivity grasslands were primarily successful when seeded into
disturbed plots. Similarly, Foster and Dickson
(2004) found that seed addition increased species
richness more in grassland plots in which
resource availability was increased. Eskelinen and
Virtanen (2005) and Myers and Harms (2009a)
found that seed addition increased species richness more in the presence of herbivores (grazers)
or in the absence of a dominant plant species
(shrubs), respectively. These examples illustrate
how dispersal and selective ﬁlters can interact to
inﬂuence community assembly. Even so, there
have been relatively few studies of the dispersal 9 ﬁltering interaction in species-rich communities (Zobel et al. 2000, Myers and Harms 2009a,
Iacona et al. 2010) and fewer still where ﬁre is
manipulated as a primary selective agent (Suding
and Gross 2006, Myers and Harms 2011).
In our study, we experimentally tested the roles
of dispersal, environmental ﬁltering via ﬁre, and

All ecological communities assemble through
the same set of four processes: speciation, dispersal, selection, and ecological drift (Vellend 2010).
The common narrative of community ecology
(Roughgarden 2009) is that species composition
develops in a focal community through the combined inﬂuences of these processes on net gains
or losses of individuals and species in that site.
Species originate in situ through speciation or
arrive via dispersal from the regional species
pool; then, selection and ecological drift cause
subsequent losses of individuals or species. This
community-assembly framework has been used
to study local and regional inﬂuences on communities (e.g., Ricklefs 1987), modern coexistence
theory in community ecology (e.g., HilleRisLambers et al. 2012), and evolutionary dynamics of
community assembly (e.g., Mittelbach and
Schemske 2015). A frequently used metaphor for
the process of selection depicts species selectively
passing through an environmental “ﬁlter” (e.g.,
Keddy 1992) or “sieve” (e.g., van der Valk 1981).
Environmental ﬁlters are abiotic and biotic constraints on the demographic performance of individual organisms. If an environmental condition
precludes recruitment, survival, or reproduction,
the individual is ﬁltered out (selectively excluded
or removed). Abiotic ﬁltering occurs as individual
organisms interact with the abiotic environment
(i.e., ﬁlters that deﬁne the boundaries of a species’
fundamental niche; Hutchinson 1957), whereas
biotic ﬁltering results from species interactions
(Myers and Harms 2009b). Kraft et al. (2015)
recently suggested that the “environmental ﬁltering” concept should be restricted to abiotic ﬁltering. However, since a species’ environment
includes both abiotic and biotic components—
whose consequences are difﬁcult to separate
empirically—a more inclusive deﬁnition can
sometimes be helpful, particularly for complex
environmental ﬁlters like ﬁre that simultaneously
inﬂuence both abiotic and biotic conditions. In any
case, because of the complexity of environmental
ﬁlters, their inﬂuences on community assembly
are not fully understood (Kraft et al. 2015).
Fire is a broadly important, multi-faceted, and
dynamic ﬁltering mechanism in many ecosystems
(Burkle et al. 2015, Myers et al. 2015). Fire may
ﬁlter species in two general ways. First, ﬁre may
❖ www.esajournals.org
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dispersal 9 ﬁre interactions in groundcover plant
communities of the hyper-diverse longleaf pine
(Pinus palustris) ecosystem (Walker and Peet 1983,
Noss et al. 2014). Groundcover at our study site
includes exceptionally species-rich, small-scale
plant diversity (mean ~30 species 9 m2; our
study), a characteristic of this ecosystem type
(Walker and Peet 1983, Varner and Kush 2004,
Mitchell et al. 2006). We hypothesized that environmental ﬁltering happens both during ﬁres
(e.g., heat damages and kills individuals) and in
the post-ﬁre environment (e.g., reduced competition and interference owing to reduced biomass,
presence of ash). We further hypothesized that
these inﬂuences interact with dispersal such that
the consequences of dispersal and ﬁltering are
only fully revealed when considered in combination. We tested four speciﬁc predictions: (1)
Because many species are rare in high-diversity
groundcover (Kirkman et al. 2001, Clark et al.
2008), we predicted that plot-level species richness
would be seed dispersal-limited. (2) Because
small-scale fuel loads inﬂuence ﬁre characteristics
(Williamson and Black 1981, Hiers et al. 2009,
Mitchell et al. 2009, Gagnon et al. 2015) and postﬁre conditions (Thaxton and Platt 2006, Myers
and Harms 2011), we predicted that ﬁre acts as a
complex environmental ﬁlter (echoing Kirkman
et al. 2016). We predicted that the immediate
effect of adding fuels would be to decrease species
richness, but that over time, open conditions
would enable recruitment of more species into
post-ﬁre habitats, thereby increasing species richness. (3) Since post-ﬁre ash can increase nutrient
availability in a brief fertilization pulse as ash mineralizes (Boring et al. 2004, Carter and Foster
2004), we predicted that the effect could stimulate
recruitment. We predicted that adding ash would
increase species richness, at least in the short term,
whereas reducing ash would decrease species
richness. Over the longer term, fertilization could
increase productivity, but decrease diversity, that
is, the “paradox of enrichment” (Rosenzweig
1971, Tilman 1982). (4) We predicted that seed dispersal and ﬁre-generated environmental ﬁltering
would interact (Myers and Harms 2011). Speciﬁcally, we predicted that seed addition to plots with
increased fuels would generate larger increases in
species richness compared to plots with decreased
fuels. In addition, we predicted that seed addition
to plots in which ash was removed would
❖ www.esajournals.org

generate smaller increases in species richness than
in plots with increased ash.
We additionally tested hypotheses concerning
individual-level performance and landscape-level
patterning at smaller and larger scales than our
treatment plots. (5) We hypothesized that individual plants present immediately after ﬁre can capitalize on relatively resource-rich, open conditions
in the groundcover during the early post-ﬁre
re-building phase as the growing season progresses. We predicted that individuals persisting
in plots with increased fuels would perform
better. (6) Finally, we hypothesized that landscape-level heterogeneity would inﬂuence species
richness and composition somewhat independently from the smaller-scale inﬂuences examined
by our manipulative experiments; we predicted
both pre-treatment and persistent differences in
species richness and composition at the scale of
burn units. We found that changes in ﬁre ﬁltering
interacted with dispersal to inﬂuence species richness, that ﬁltering dynamics inﬂuenced plant
performance, and that either heterogeneity in
environmental conditions or unique colonization
history produced striking differences in species
composition among burn units.

METHODS
Study site: Camp Whispering Pines, Louisiana
We conducted our experiment in the restored
longleaf pine ecosystem of Camp Whispering
Pines (CWP), Tangipahoa Parish, Louisiana,
United States (30°410 N, 90°290 W; mean annual
temperature = 19°C; mean annual rainfall =
1626 mm; see Platt et al. 2006 for a detailed
description of the study site). Camp Whispering
Pines is owned and managed by the Girl Scouts
Louisiana East and is typical of loess plain pine
savannas at the western end of the East Gulf
Coastal Plain. The dissected terrain is 25–50 m
above msl. Soils are Pleistocene-aged, Tangi and
Toula silt loams (http://websoilsurvey.sc.egov.usda.
gov/App/WebSoilSurvey.aspx), and elsewhere
reported as Tangi–Ruston–Smithdale ﬁne sands
mixed with and capped by loess (McDaniel 1990);
they are at the high end of the soil fertility gradient
in southeastern U.S. pine savannas. CWP savannas
contain longleaf pine that regenerated naturally
after logging in the early 1900s (Noel et al. 1998).
The groundcover at CWP was open-range-grazed,
3
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were applied in both 2006 and 2007. In each year,
the two burn units were burned on separate days.
To reduce edge effects within the plots, fuel and
ash treatments were applied to square 2 9 2 m
areas, each centered on the centroid of its corresponding 1 9 1 m plot. To achieve independence
of treatment conditions among plots and to
reduce confounding effects of pines, plots were
positioned such that their edges were at least 5 m
distant from one another and at least 2 m from
the outermost canopy of pine trees.
To test the inﬂuence of ﬁre on abiotic and biotic ecological ﬁlters, we manipulated fuel loads
in plots before early growing season prescribed
ﬁres using three treatments (n = 32 total plots/
treatment; 8 plots/treatment/block 9 4 burn units).
First, on the morning of the ﬁre, we increased ﬁne
fuels by adding 8 kg of dry, uncompacted longleaf
pine needles spread evenly across one-third of the
plots’ 2 9 2 m areas (fuel-addition treatment). This
quantity of pine straw (2 kg 9 m2) matched the
upper range of observed fuel loads at this relatively
productive study site (Thaxton and Platt 2006,
Gagnon et al. 2012). Second, we reduced fuel loads
by clipping and removing all existing biomass
above 5 cm in eight other plots in each burn unit
(fuel-reduction treatment). Third, the eight remaining plots in each ﬁre were fuel controls that burned
under natural fuel loads. Following fuel treatments, but before burning, plots contained on average 3076 g 9 m2 (fuel addition), 1076 g 9 m2
(fuel control), and 444 g 9 m2 (fuel reduction) of
total aboveground biomass (live and dead; Gagnon
et al. 2012).
To test the inﬂuence of ﬁre through its effect on
post-ﬁre ash conditions, we manipulated ash
using two treatments (N = 48 total plots/treatment; N = 12 plots/treatment/burn unit 9 4 burn
units). First, on the same day as the prescribed
ﬁres, we removed ash from half of the plots using
leaf blowers operating at low velocities (ash
removal treatment). Second, after removing ash
from the remaining half of the plots using the
same method, we added a standardized quantity
of ash (0.5 kg; about twice the amount found in a
fuel-control plot immediately after a ﬁre) back to
those same plots (ash addition treatment). Thus,
our ash manipulations allowed us to decouple
the ﬁre effects under different fuel loads from
effects of post-ﬁre ash (e.g., increased nutrient
availability, microsites for seed germination).

but never plowed. The site has a large species pool
(>300 vascular plant species) and high species richness at local scales (mean = 22 species 9 0.5 m2,
Myers and Harms 2011; ~30 species 9 m2, this
study; ~100 species 9 m2, Platt et al. 2006),
including a diverse groundcover assemblage of
forbs, grasses, sedges, and shrubs. Since 1994,
CWP has been managed with biennial early growing season (April–May) prescribed ﬁres that alternate between large burn units (Platt et al. 2006,
Thaxton and Platt 2006). We conducted our experiments west of Highway 1054 where the structural
co-dominant species Schizachyrium scoparium and
Schizachyrium tenerum together predominate in the
groundcover, in contrast to the east side of the
road in which Roth et al. (2008) reported dominance by Andropogon virginicus var. virginicus.

Experimental design: factorial manipulation of
seed arrival and environmental filters

We used a factorial ﬁeld experiment applied to
groundcover plots. To manipulate dispersal, we
added seeds using realistic immigration rates. To
manipulate ﬁre-generated environmental ﬁlters,
we manipulated (removed or added) natural fuels
(pine needles) and post-ﬁre ash. We employed a
3 9 2 9 2 factorial treatment design with three
treatments: pre-ﬁre fuel load (fuel addition, fuel
reduction, or fuel control); post-ﬁre ash (ash addition or ash removal); and seed arrival (seed addition or seed control). We randomly assigned
treatments to 96 square 1 9 1 m plots in four
burn units (treated as blocks; N = 24 plots/burn
unit). We used separate burn units that were
available for manipulative experiments to eliminate the pseudo-replication that would otherwise
result from conducting the entire experiment in a
single burn unit, thereby increasing the generalizability of the results. Prior to selecting our sites,
casual observations among burn units suggested
that species composition—especially of the infrequent species—differed, but that structurally
dominant bunchgrass species, fuel loads, and
other structural aspects (e.g., aboveground biomass, bunchgrass density) of the units were similar. Each burn unit is 16–30 ha and its centroid is
0.4–1.0 km distant from the others. In total, each
factorial treatment combination was replicated
eight times. Fuel and ash treatments were applied
once to two burn units in 2006 and to the other
two burn units in 2007, whereas seed additions
❖ www.esajournals.org
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stems. Since the focal seed-addition species were
generally absent or rare in seed-control plots
(Myers and Harms 2011), this approach allowed
us to explicitly examine the effects of fuel treatments on the recruitment and growth performance of a subset of species for which we were
reasonably conﬁdent that most of the recruitment resulted from seed additions.

To test the inﬂuence of dispersal limitation and
the role of our aforementioned treatments as ﬁlters, we added seeds of 94 groundcover species
(from the CWP species pool) to half of the plots
(seed addition; N = 48 total plots; N = 12 plots/
treatment/burn unit 9 4 burn units; Appendix S1:
Table S1). The remaining plots were seed controls
that received natural seed rain. We added ﬁeldcollected seeds as seeds became available, mimicking the timing of natural seed dispersal for most
species. The majority of our seed-addition species
are gravity- and wind-dispersed forbs, which constitute the most species-rich functional group at
the study site (Platt et al. 2006). To mimic natural,
low levels of dispersal in high-diversity communities, we added a total of ~1750 seedsm2yr1, at
a median rate of 20 seedsspecies1m2yr1
(N = 66 total species in 2006 and 73 total species
in 2007). In contrast, estimates of natural
total seed ﬂuxes at our study site average
~11,600 seedsm2yr1 (E. I. Johnson, unpublished
data). Thus, we estimate that our seed-addition
treatment increased local seed rain by ~15%. Seed
viability averaged 59% among tested species
(range = 12–98%; Appendix S1: Table S1; see
Myers and Harms 2009a for germination methods).
Finally, to test for effects of fuel manipulation
on the local performance of groundcover species
in post-ﬁre environments, we measured local
abundance, numbers of leaves, and leaf sizes
(lengths) of seven common seed-addition species
2 yr post-ﬁre (see Appendix S1: Table S2 for species names). These data were collected as part of
a concurrent experiment at the study site in
which two of the same fuel treatments (fuel addition and fuel control) were applied to a separate
set of plots located in two of the four burn units
used in the present study (see Myers and Harms
2011 for details). All seven species were gravityor wind-dispersed forbs that were added to plots
as seeds. For each species, we measured local
abundance as the total number of stems (or basal
rosettes) present in 1 9 0.5 m seed-addition
plots (N = 12–30 fuel-control plots, N = 17–29
fuel-addition plots—sample sizes vary since species occurred in a variable number of plots;
Appendix S1: Table S2). In each plot, we measured the mean number of leaves per stem by
counting all of the leaves on one to three stems of
each species. We measured leaf size using the
mean length of the longest leaf on the same
❖ www.esajournals.org

Data collection
We measured species richness and composition
in each plot during three different census periods:
prior to the fuel-manipulation treatments (pretreatment census), 1 yr after and again 2 yr after
prescribed ﬁres. Two burn units (Oak Ridge and
Sunny Trails) were censused in October 2005 (pretreatment) and again in May–October 2006 (ﬁrst
growing season post-ﬁre) and May–October 2007
(second growing season post-ﬁre) following prescribed ﬁres (in which fuels and post-ﬁre ash were
manipulated) in April 2006. The two other burn
units (Sunset and Tall Winds) were censused in
October 2006 (pre-treatment), May–October 2007,
and May–October 2008 following prescribed ﬁres
(in which fuels and post-ﬁre ash were manipulated) in May 2007. Each extended May–October
census included both a spring and fall visit to
the plots, to be able to include species whose
phenologies make them difﬁcult to observe or
identify in the fall or spring, respectively.

Statistical analyses
We analyzed pre-treatment species composition using the R vegan package (Oksanen et al.
2015). First, we created matrices of community
dissimilarity using the incidence-based Jaccard’s
index. Second, we used analysis of similarity
(ANOSIM) to test for differences in community
composition among burn units. Third, we used
nonmetric multidimensional scaling (NMDS;
isoMDS function) to generate a two-dimensional
ordination showing differences in community
similarity among treatments.
We analyzed total species richness, richness of
seed-addition species, and local performance of
seed-addition species using linear mixed-effects
models (lme function in the R nlme package; Pinheiro et al. 2015). For species richness, we used
repeated-measures models to account for correlation among plot measurements across years. Our
model for total species richness included the
5
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Table 1. Results from mixed-effects ANOVA testing for effects of ash manipulations, fuel manipulations, and
seed addition on total species richness and richness of seed-addition species.
Pre-treatment (2005)
Variables
Total species richness
Fuel***
Ash
Seed***
Census***
Fuel 9 Ash
Fuel 9 Seed*
Fuel 9 Census
Ash 9 Seed
Ash 9 Census
Seed 9 Census***
Seed-addition species
Fuel
Ash
Census***
Fuel 9 Ash
Fuel 9 Census
Ash 9 Census

Post-treatment (Rept measures)

DF

denDF

F

P

denDF

F

P

2
1
1
1
2
2
2
1
1
1

83
83
83
–
83
83
–
83
–
–

0.40
0.05
0.90
–
0.45
2.00
–
0.02
–
–

0.6715
0.8131
0.3454
–
0.6351
0.1405
–
0.8872
–
–

83
83
83
91
83
83
91
83
91
91

15.79
00.00
67.33
67.22
00.06
03.15
02.14
00.74
00.35
29.38

0.0001
0.9237
0.0001
0.0001
0.9353
0.0476
0.1230
0.3899
0.5516
0.0001

39
39
44
39
44
44

1.95
0.22
90.01
0.24
0.41
0.78

0.1548
0.6432
0.0001
0.7910
0.6670
0.3825

2
1
1
2
2
1

Note: P-values < 0.05 indicated by one asterisk and bold, while P-values < 0.0001 indicated by three asterisks and bold; burn
units modeled as random block effects; seed-addition species richness analyzed using data only from seed-addition subplots
because seed-addition species occurred infrequently in seed-control subplots; 2005 pre-treatment data for total species richness
log10-transformed to normalize residuals; a heterogeneous variance model used for the repeated-measures ANOVA of total
species richness.

three-way interactions for species richness. For
simplicity, we therefore only present results from
models that included two-way interactions. All
analyses were performed in R (R Development
Core Team 2014).

three treatments (fuel, ash, and seed) and census
as ﬁxed effects, and burn units (blocks) as random
effects. To analyze richness of seed-addition species, we only used data from the seed-addition
treatment, which allowed us to explicitly examine
the effects of fuel and ash manipulations on
species we added as seed, most of which were
otherwise rare or absent from our plots. These
models included fuel treatments, ash treatments,
and census as ﬁxed effects, and burn units
(blocks) as random effects. Our models for local
performance (abundance, number of leaves, leaf
size) of seed-addition species included fuel treatments as ﬁxed effects and blocks as random
effects (Myers and Harms 2011). When necessary,
we log10-transformed to normalize residuals.
When response variables did not meet the
assumption of homogeneous variances, we used
a heterogeneous variance model (varIdent function in the R nlme package) and selected the
model with the lowest Akaike Information
Criterion (AIC) score. We used post hoc Tukey’s
tests from the R lsmeans package (Lenth 2016) to
determine signiﬁcance among treatment groups
and their interactions. There were no signiﬁcant
❖ www.esajournals.org

RESULTS
In total, we recorded 239 plant species, 136
genera, and 54 families in our plots over the
course of the experiment. An average unmanipulated (control) plot had 28.8  8.4 (mean  SD;
27.5 median) species, 22.9  7.0 (20.5 median)
genera, and 10.6  3.7 (10.5 median) families
present in a single census. Prior to experimental
treatments, species richness did not differ among
treatment plots (Table 1).

Landscape-level influences on species composition
Pre-treatment species composition differed
strikingly across the landscape. One burn unit
(Oak Ridge) clearly differed in species composition from the other three (Fig. 1). The other three
burn units overlapped more substantially in
species composition.
6
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species: F1,44 = 90.01, P < 0.001). Species richness
increased much more from the ﬁrst post-ﬁre
growing season to the following growing season
in the seed-addition plots than it did in the seedcontrol plots (Seed 9 Census interaction plot;
Appendix S1: Fig. S2).
By contrast, manipulating quantities of ash
immediately after burning had no measurable
effect on species richness (F1,83 = 0.00, P < 0.924;
Table 1). Neither did ash manipulations produce
interactions with fuel manipulations to inﬂuence
species richness, nor with seed additions (for
Ash 9 Fuel interaction, F2,83 = 0.06, P < 0.935; for
Ash 9 Seed interaction, F1,83 = 0.74, P < 0.390).
There was also no effect of ash manipulations over
time (F1,91 = 0.35, P < 0.552), and there was no
effect of ash manipulations on the richness of those
species added as seeds (F1,39 = 0.22, P < 0.643).

Fig. 1. Variation in pre-treatment species composition (Jaccard’s dissimilarity) among sites for groundcover plant communities at Camp Whispering Pines,
Louisiana, derived from nonmetric multidimensional
scaling (NMDS; stress = 28.1). Circles represent replicate plots (local communities) in four different burn
units (N = 24 plots/burn unit); communities close
together in ordination space are more similar in species composition. Site abbreviations: OR, Oak Ridge;
ST, Sunny Trails; SS, Sunset; TW, Tall Winds.

Filters influence individual-level performance
Individual plants that appeared (by recruitment
or resprouting) in the comparatively open postﬁre groundcover of fuel-addition plots recruited
and grew more than those in the relatively
crowded, densely covered fuel-control plots
(Fig. 3; Appendix S1: Table S2). For all seven of
these seed-addition species and each of the three
response variables (abundance, number of leaves,
and leaf size), the mean values were larger in fueladdition plots relative to fuel-control plots
(Fig. 3). Individual-level plant performance was
signiﬁcantly greater in fuel-addition plots for
more than half of the species as measured by the
three response variables: Abundance was higher
for four species; leaf number per stem was greater
for ﬁve species; and leaves were larger for ﬁve
species (P < 0.05; Appendix S1: Table S2).

Community-assembly mechanisms and their
interactive influences on local species richness
Seed additions and fuel manipulations affected
species richness individually and in concert. Biologically realistic rates of seed addition increased
species richness (F1,83 = 67.33, P < 0.001; Table 1).
Fuel manipulations affected species richness in
our plots (F2,83 = 15.79, P < 0.001), but not among
those species we added as seeds (F2,39 = 1.95,
P < 0.159). The inﬂuence of seed additions varied
with fuel treatments (post-treatment repeatedmeasures Fuel 9 Seed interaction; F2,83 = 3.15,
P < 0.05; Fig. 2; Table 1). Seed addition increased
species richness in both fuel-addition and fuelreduction plots more than in fuel-control plots
(Fuel 9 Seed interaction plot; Appendix S1:
Fig. S1).
The inﬂuence of seed addition increased over
time. This was true among species naturally in
the plots (post-treatment repeated-measures
Seed 9 Census interaction; F1,91 = 29.38, P < 0.001;
Fig. 2; Table 1) and also for those we added as
seeds (effect of census on richness of seed-addition
❖ www.esajournals.org

DISCUSSION
Local-scale species richness is dispersal-limited in
high-diversity communities
Our study clearly demonstrated dispersallimited, plot-level species diversity. Realistic rates
of seed dispersal (immigration) increased species
richness in almost all cases comparing seedaddition to seed-control plots. Whereas very high
levels of seed addition can be useful for testing
population-level dispersal limitation (Tilman
1997), these contrast with the realistic levels we
used here to serve as proxy tests for increasing
7
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Fig. 2. Species richness in the fuel-manipulation and seed-addition treatments 1 yr (Census 1) and 2 yr (Census 2) post-ﬁre. Boxes represent the median and 25th/75th percentiles; whiskers extend to 1.5 times the interquartile range. Asterisks above boxplots indicate signiﬁcant difference between seed control vs. seed addition within
a given census and fuel treatment, where one asterisk indicates P < 0.05 and three asterisks indicate P < 0.0001.
Letters (A or B) below boxplots indicate signiﬁcant difference (P < 0.01) within census among fuel treatments in
seed controls, whereas numbers (1 or 2) indicate signiﬁcant difference (P < 0.01) within census among fuel treatments in seed-addition treatments. Statistical results are provided in Table 1.

the three census years, and contained 57 species
during the ﬁnal census. The results from this and
other seed-addition experiments (Myers and
Harms 2009a, 2011) are supported by two related
ﬁndings in the longleaf pine ecosystem. First,
groundcover species with low dispersal potential
(e.g., gravity- and ant-dispersed species) are often
absent from communities that have undergone
recent restoration, even when source populations
are present in intact communities nearby (Kirkman et al. 2004a). Second, large communities connected by experimental corridors have higher
species richness than isolated communities (Damschen et al. 2006). Collectively, these studies support the idea that dispersal limitation is a key
driver of community assembly in high-diversity
pine savannas and in species-rich plant communities generally (Hurtt and Pacala 1995, Hubbell
et al. 1999).
Species richness increased more in seedaddition plots relative to control plots. This is
most likely an effect over time of adding seeds
and having more of them germinate (or grow
large enough to be detected) by the later census.
Unmanipulated groundcover probably responds
similarly to pulses of seeds associated with environmental ﬂuctuations (e.g., ﬁre, weather, soil

the size of the regional species pool. We achieved
our proxy for an increased species pool size by
adding novel species to plots that were nevertheless present in similar habitat outside the plots,
as if adult individuals of those species were dispersing seeds from immediately outside the
plots. Our results support the idea of a positive
causal link between regional species richness and
local species richness (Zobel 1997).
Our results are consistent with growing evidence that many communities are unsaturated
with species and therefore open to invasion from
the regional species pool (Myers and Harms
2009b, Cornell and Harrison 2014). Although
dispersal limitation of community richness has
been shown in a variety of plant communities
(reviewed in Myers and Harms 2009b), few
seed-addition experiments have been done in the
highest-diversity plant communities where saturation may be most likely (Elton 1958, Tilman
1997). Our results indicate that high-diversity pine
savannas are open-membership, dispersal-limited
communities (a.k.a. unsaturated; Cornell 1999).
As an extreme example, one plot started with 31
species, was treated with fuel reduction and seed
addition, but during the course of the experiment
had 81 total species present at least once during
❖ www.esajournals.org
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Fig. 3. Abundance and growth performance of seven common seed-addition species in fuel-control and fueladdition plots 2 yr post-ﬁre. (A) Local abundance (number of stems) in 0.5-m2 plots, (B) number of leaves per
individual stem, and (C) leaf size (length) of the three largest leaves per individual stem. Bars represent
means  1 standard error. NS = P > 0.05 based on t tests for differences within species; sample sizes and
P-values are listed in Appendix S1: Table S2. These data were collected as part of a separate, but concurrent
experiment at the study site (see Myers and Harms 2011 for details).

moisture, generalist herbivore outbreaks) that
inﬂuence community-wide seed production, dispersal, and recruitment. Such episodic recruitment
has been noted in other pine savanna communities (Iacona et al. 2010, Kirkman et al. 2016) and is
likely to be a common feature of them.

high-diversity site, the nature of their interaction
was surprising. We did not predict that seed
addition would increase species richness similarly in fuel-addition and fuel-reduction plots
compared to a more modest increase in fuelcontrol plots. This result illustrates the complex
nature of ﬁre-generated ﬁltering.
Fire-generated ﬁlters operate differently during
and after ﬁres. Fuel-addition plots incur more
immediate losses of species during ﬁres, possibly
owing to increased aboveground combustion and
belowground heating. Fire-logger measurements

Complex, fire-generated filters interact with
dispersal to assemble groundcover communities

Although we expected dispersal and ﬁregenerated ﬁltering to interact in shaping smallscale groundcover species richness in our
❖ www.esajournals.org
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based on microsite characteristics beneath and
away from spreading tussocks and recruitment
performance of seeds sown under artiﬁcial shade
to mimic wiregrass tussocks. In our fuel-reduction
plots, all established bunchgrass tussocks survived without measurable damage (Gagnon et al.
2012). Highest species richness in these same plots
suggests that despite the extraordinary ﬂoristic
diversity of these longleaf pine communities,
there remained uncolonized space and resources
between existing bunchgrass tussocks, including
bare mineral soil for species whose seeds require
it for germination.
Ash did not affect species richness as either a
main effect, nor via interactions with other treatments. This is in spite of our careful incorporation
of ash as a main effect fully integrated into our
experimental design. This lack of ash-related ﬁltering contrasts sharply with the clear effects of
our other ﬁre-related treatments. Studies in some
other ﬁre-adapted ecosystems have similarly
found either no effect or a negative effect of ash
on plant germination (Enright et al. 1997, Izhaki
et al. 2000). Immediately following burning, ash
in ﬁre-dependent communities like the longleaf
pine ecosystem raises pH near the soil surface
and increases available phosphorus, potassium,
calcium, and magnesium (Christensen 1977,
Enright et al. 1997, Boring et al. 2004). This effect
is short-lived in the longleaf pine ecosystem and
can disappear within six months (Christensen
1977). Such a fertilization effect may simply be
too ephemeral for us to have observed given our
sampling frequency. A fertilization effect may also
be more likely in sites with lower fertility or productivity, such as on sandier soils in the wiregrass-dominated portion of the range of longleaf
pine savannas. Alternatively, if nitrogen or
another nutrient limits plant growth at our study
site, then we would expect no fertilization effect
regardless of any pulse of exchangeable cations
(Christensen 1977).

collected as part of a complementary study in a
subset of the same experimental plots as those
used in the current study demonstrated signiﬁcantly higher maximum ﬁre temperatures and
total heat release in fuel-addition relative to fuelcontrol plots, as well as a substantial reduction in
post-ﬁre live vegetation cover in fuel-addition relative to fuel-control plots (Gagnon et al. 2015).
Because most perennial species in our plots were
capable of resprouting, soil heating sufﬁcient to
kill their regenerative belowground organs is
probably the most likely cause of species losses in
these fuel-addition plots (Gagnon et al. 2015). Soil
heating can also decrease species richness by
causing seed mortality in the soil seed bank, particularly of small-stature grasses and forbs (Myers
and Harms 2011, Gagnon et al. 2015). As a consequence, fuel addition may also produce more
open space for colonization. Such elevated fuel
levels would occur naturally wherever downed
branches and pine cones rest on the ground.
These coarse, woody fuels burn longer, and thus
with increased soil heating, than ﬁne fuels like
pine needles and bunchgrass culms (Thaxton and
Platt 2006, Loudermilk et al. 2014).
In contrast, fuel-reduction plots may lose fewer
species during the ﬁre itself and may provide a
less stressful physical environment in terms of
moisture availability, temperature, or cover for
avoidance of herbivores and granivores. We
clipped fuel-reduction plots and removed the cut
fuels; these plots then burned in a ﬁne-scale
mosaic, with small patches of low-growing vegetation remaining after ﬁres. By comparison, fuelcontrol plots and fuel-addition plots both burned
thoroughly to ash. Net facilitation is a possible
explanation for the fuel-reduction treatment having the highest species richness. Facilitation is
increasingly recognized in plant community ecology as a contributing inﬂuence toward community assembly (Bertness and Callaway 1994). It
may be that ameliorating inﬂuences by vegetation
during relatively cool ﬁres or residual vegetation
that remains after ﬁres beneﬁt individual plants.
Wallett (2015) recently produced experimental
evidence for diffuse facilitation in pine savanna
groundcover beneﬁtting dominant bunchgrass
(wiregrass) tussocks. In contrast, even though
Iacona et al. (2012) found that wiregrass tussocks
cast shade that could potentially facilitate recruitment, they found no evidence that this occurs
❖ www.esajournals.org

Complex, fire-generated filters create fine-scale
heterogeneity

Complex ﬁltering should foster heterogeneity.
Each different environmental ﬁlter (e.g., ﬁre, soil
moisture stress, light availability) excludes a
potentially unique subset of species, such that
the idiosyncratic set of species that arrives via
dispersal to a site from the regional species pool
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is ﬁltered differently, contributing to heterogeneity in species composition and species richness
among sites, experiments, years, etc. Consider a
plot with a sparse fuel load compared to one
with a heavy fuel load. During a ﬁre, fuel combustion within the sparse-fuel plot might be
incomplete compared to the heavy-fuel plot.
Similarly, relatively little soil heating would
occur in the sparse-fuel plot relative to the
heavy-fuel plot. Individuals of species incapable
of surviving the fuel consumption and soil heating of the latter plot could persist in the former
plot, depending of course on which species
arrive in the ﬁrst place. Such ﬁne-scale differences in ﬁltering should create ﬁne-scale spatial
heterogeneity and should contribute toward temporal heterogeneity among years or seasons.
Kirkman et al. (2016) have found similar complexity in groundcover community assembly of
pine savanna groundcover dominated by wiregrass. Soil moisture is an additional temporally
and spatially heterogeneous ﬁlter that potentially
interacts with dispersal in these pine savannas
(Iacona et al. 2010, Myers and Harms 2011).

(Myers and Harms 2011). For subordinate taxa,
this could represent a recruitment opportunity
following aboveground consumption of the physically dominant bunchgrasses or woody species.
To determine whether the enhanced recruitment
and growth performance we observed also translate into enhanced reproductive output would
require further experimentation. Even so, it may
be that the majority of reproductive output, especially for many small-statured species, comes from
those individuals that are temporarily released
after a ﬁre from competition and hindrance by
litter. For one of the dominant bunchgrasses themselves (S. scoparium), Gagnon et al. (2012) found
increased ﬂowering in fuel-addition plots after
prescribed ﬁres at the same study site. The phenomenon of increased reproductive output by
groundcover species when biomass in an individual’s immediate vicinity is removed may also be
context dependent since recent work in a different
longleaf savanna site revealed habitat-speciﬁc
facilitation of wiregrass by heterospeciﬁc neighboring plants in dry, relatively sparsely vegetated
sandhill sites but competition in more densely
vegetated seepage slopes (Wallett 2015).
We and others previously found limited evidence for competitive inﬂuences on smallerstature species by the structurally dominant
bunchgrasses at our study site (Roth et al. 2008,
Myers and Harms 2009a). Roth et al. (2008)
removed A. virginicus with herbicide and found
virtually no changes in plant cover, species richness, or species composition after two ﬁre-free
years. They interpreted these results to mean that
competition by the structurally dominant grass
plays a minor role in community assembly at
the site. Similarly, Myers and Harms (2009a)
removed S. tenerum tussocks with herbicide and
also reduced their potential for asymmetric competition for light by tying up their aboveground
biomass into sheaves, yet found no inﬂuence on
plot-level species richness. Furthermore, the
pattern that species richness was not correlated
with the percentage of total standing crop biomass contributed by wiregrass led Kirkman et al.
(2001) to conclude that the competitive inﬂuence
of wiregrass is negligible. The competitive inﬂuence of bunchgrass tussocks may most consequentially affect performance of neighboring
plants such that coarser-level assessment than
individual performance (e.g., plot-level diversity

Complex, fire-generated filters influence
individual-level plant performance
Individual plants either survive to reproduce
or fail to pass through the various ﬁlters that confront them. Individuals that survive a ﬁre or that
disperse into a post-ﬁre site can take advantage
of the relatively more open groundcover conditions with increased space and other resources
relative to unburned sites (Brewer et al. 1996). In
our experiments, recruitment (Myers and Harms
2011; this study) and growth performance (this
study) increased in plots with the largest fuel
loads. In the same site, Myers and Harms (2011,
e.g., Appendix D) and Gagnon et al. (2012,
2015—using a subset of the same experimental
plots as the current study) showed that higher fuel
loads correspond to more open space in the
groundcover. In addition, post-ﬁre litter and ash
samples collected from a separate but concurrent
fuel-addition experiment at the same study site
but using different plots indicated that seeds
potentially present in the pine needle litter used as
fuel-addition fuels were killed during the ﬁre and
that most of the litter in all plots was consumed
by ﬁre, yet more litter consumption occurred in
fuel-addition plots relative to fuel-control plots
❖ www.esajournals.org
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any species are eliminated by weaker ﬁres, and
less new space is available for colonization afterward. Our study also demonstrates that even
extremely diverse plant communities may be
unsaturated in that they retain colonization
opportunities for new species. As such, the overall effect may be that even when environmental
ﬁltering is relatively stable, species richness can
increase if dispersal brings new species to a local
community.

or cover) fails to detect those inﬂuences, or such
that species compositional changes occur without concomitant changes in species richness
itself.

Landscape-level heterogeneity also influences
groundcover species composition
Patterns consistent with large-scale inﬂuences
on community assembly were also evident in our
study. Our experiment focused on the very small
scale of 1-m2 plots with manipulations that were
similarly focused. Even so, one burn unit clearly
differed from the others in species composition.
Differences like this could have arisen via a variety of mechanisms operating at different spatial
scales, but especially those larger than our study
plots. Variation in landscape-level environmental
conditions could differentially ﬁlter species from
a common regional species pool. Such differential ﬁltering at the landscape scale is commonly
observed in pine savannas. For example, unique
species sets are found along natural gradients
over which soil moisture, soil texture, or nutrient
availability varies (e.g., Kirkman et al. 2001,
2004b, Carr et al. 2009). Alternatively or in combination, compositional divergence among burn
units could result from chance events, including
idiosyncratic colonization or extinction histories.
Episodic availability of recruitment opportunities
(Iacona et al. 2010) could also produce differences among sites. Burn units represent different
ﬁre histories, environmental features, colonization and extinction histories, etc. Accordingly,
large-scale deterministic (e.g., ﬁltering) and
stochastic (e.g., chance historical colonization or
extinction events) processes clearly inﬂuence
local community composition in addition to the
complex local interactions we observed between
local dispersal and ﬁre-generated, ﬁne-scale
ﬁltering.

ACKNOWLEDGMENTS
For interesting discussions, help in the ﬁeld, and
other contributions to the project, we thank Natalia
Aristiz
abal, Meredith Blackwell, Adriana Bravo,
Andrew Browning, Jane Carlson, Becky Carmichael,
Susan Carr, Sarah Colosimo, Rae Crandall, Jim Cronin,
Melissa Day, Forrest Dillemuth, Jessica Eberhard, Bret
Elderd, Darin Ellair, Felicia Emery, Leonard Fournette,
Jim Grace, Wendy Hobson, Katherine Hovanes, Jean
Huffman, Paul Keddy, Jennie Kluse, Teresa Kurtz,
John-Michael May, Stephanie Norman, Tim Paine,
Maggie Platt, Getorian Reed, Ellen Reid, Christian
Savoie, Matt Slocum, Latimore Smith, Richard Stevens,
Jarrod Thaxton, Phuong Truong, Lowell Urbatsch, Colleen Wallace, Bruce Williamson, and Rachanda Wilson. We posthumously thank Larry Ehrlich for many
years of dedicated effort toward the management and
restoration efforts at Camp Whispering Pines. We also
thank Jason & Debra Brown, Jean Fahr, Jill Pollard,
and the Girl Scouts Louisiana East for support and
access to Camp Whispering Pines. We the authors
declare no conﬂict of interest for this research. The U.S.
National Science Foundation funded the project
through grants DEB 0516175, 1144079, and 1144084.

LITERATURE CITED
Bertness, M. D., and R. Callaway. 1994. Positive interactions in communities. Trends in Ecology and
Evolution 9:191–193.
Boring, L. R., J. J. Hendricks, C. A. Wilson, and R. J.
Mitchell. 2004. Season of burn and nutrient losses
in a longleaf pine ecosystem. International Journal
of Wildland Fire 13:443–453.
Brewer, J. S., W. J. Platt, J. S. Glitzenstein, and D. R.
Streng. 1996. Effects of ﬁre-generated gaps on
growth and reproduction of golden aster. Bulletin
of the Torrey Botanical Club 123:295–303.
Burkle, L. A., J. A. Myers, and R. T. Belote. 2015.
Wildﬁre disturbance and productivity as drivers
of plant species diversity across spatial scales.
Ecosphere 6:art202.

CONCLUSIONS
In conclusion, ﬁres can produce heterogeneous
environmental ﬁltering at multiple spatial and
temporal scales. At local scales, species are eliminated by severe ﬁres. Then in these same locations, space and resources are newly available for
colonization following severe ﬁres. By contrast,
where ﬁre is less severe, environmental ﬁltering
is less dynamic during and after ﬁres; fewer if
❖ www.esajournals.org

12

March 2017

❖ Volume 8(3) ❖ Article e01716

HARMS ET AL.
Harper, J. L. 1977. Population biology of plants.
Academic Press, London, UK.
Hiers, J. K., J. J. O’Brien, R. J. Mitchell, J. M. Grego, and
E. L. Loudermilk. 2009. The wildland fuel cell
concept: an approach to characterize ﬁne-scale
variation in fuels and ﬁre in frequently burned
longleaf pine forests. International Journal of
Wildland Fire 18:315–325.
HilleRisLambers, J., P. B. Adler, W. S. Harpole, J. M.
Levine, and M. M. Mayﬁeld. 2012. Rethinking community assembly through the lens of coexistence
theory. Annual Review of Ecology, Evolution and
Systematics 43:227–248.
Hubbell, S. P., R. B. Foster, S. T. O’Brien, K. E. Harms,
R. Condit, B. Wechsler, S. J. Wright, and S. L. de
Lao. 1999. Light-gap disturbances, recruitment
limitation, and tree diversity in a neotropical forest.
Science 283:554–557.
Hurtt, G. C., and S. W. Pacala. 1995. The consequences
of recruitment limitation—reconciling chance, history and competitive differences between plants.
Journal of Theoretical Biology 176:1–12.
Hutchinson, G. E. 1957. Concluding remarks. Population studies: animal ecology and demography.
Cold Spring Harbor Symposium on Quantitative
Biology 22:415–427.
Iacona, G. D., L. K. Kirkman, and E. M. Bruna. 2010.
Effects of resource availability on seedling recruitment in a ﬁre-maintained savanna. Oecologia 163:
171–180.
Iacona, G. D., L. K. Kirkman, and E. M. Bruna. 2012.
Experimental test for facilitation of seedling
recruitment by the dominant bunchgrass in a ﬁremaintained savanna. PLoS ONE 7:e39108.
Izhaki, I., N. Henig-Sever, and G. Ne’eman. 2000. Soil
seed banks in Mediterranean Aleppo pine forests:
the effect of heat, cover and ash on seedling emergence. Journal of Ecology 88:667–675.
Keddy, P. A. 1992. Assembly and response rules: two
goals for predictive community ecology. Journal of
Vegetation Science 3:157–164.
Kirkman, L. K., K. L. Coffey, R. J. Mitchell, and E. B.
Moser. 2004a. Ground cover recovery patterns and
life-history traits: implications for restoration
obstacles and opportunities in a species-rich
savanna. Journal of Ecology 92:409–421.
Kirkman, L. K., P. C. Goebel, B. J. Palik, and L. T. West.
2004b. Predicting plant species diversity in a
longleaf pine landscape. Ecoscience 11:80–93.
Kirkman, L. K., L. M. Giencke, R. S. Taylor, L. R.
Boring, C. L. Staudhammer, and R. J. Mitchell.
2016. Productivity and species richness in longleaf
pine woodlands: resource-disturbance inﬂuences
across an edaphic gradient. Ecology 97:2259–2271.

Carr, S. C., K. M. Robertson, W. J. Platt, and R. K. Peet.
2009. A model of geographical, environmental and
regional variation in vegetation composition of
pyrogenic grasslands of Florida. Journal of Biogeography 36:1600–1612.
Carter, M. C., and C. D. Foster. 2004. Prescribed burning
and productivity in southern pine forests: a review.
Forest Ecology and Management 191:93–109.
Christensen, N. L. 1977. Fire and soil–plant nutrient
relations in a pine-wiregrass savanna on the coastal
plain of North Carolina. Oecologia 31:27–44.
Clark, M. A., J. Siegrist, and P. A. Keddy. 2008. Patterns
of frequency in species-rich vegetation in pine
savannas: effects of soil moisture and scale. Ecoscience 15:529–535.
Cornell, H. V. 1999. Unsaturation and regional inﬂuences on species richness in ecological communities:
a review of the evidence. Ecoscience 6:303–315.
Cornell, H. V., and S. P. Harrison. 2014. What are species
pools and when are they important? Annual Review
of Ecology, Evolution and Systematics 45:45–67.
Damschen, E. I., N. M. Haddad, J. L. Orrock, J. J.
Tewksbury, and D. J. Levey. 2006. Corridors
increase plant species richness at large scales.
Science 313:1284–1286.
Elton, C. S. 1958. The ecology of invasions by animals
and plants. Methuen, London, UK.
Enright, N. J., D. Goldblum, P. Ata, and D. H. Ashton.
1997. The independent effects of heat, smoke and
ash on emergence of seedlings from the soil seed
bank of a heathy Eucalyptus woodland in Grampians (Gariwerd) National Park, western Victoria.
Austral Ecology 22:81–88.
Eskelinen, A., and R. Virtanen. 2005. Local and regional processes in low-productive mountain plant
communities: the roles of seed and microsite limitation in relation to grazing. Oikos 110:360–368.
Foster, B. L., and T. L. Dickson. 2004. Grassland diversity and productivity: the interplay of resource availability and propagule pools. Ecology 85:1541–1547.
Gagnon, P. R., K. E. Harms, W. J. Platt, H. A. Passmore,
and J. A. Myers. 2012. Small-scale variation in fuel
loads differentially affects two co-dominant bunchgrasses in a species-rich pine savanna. PLoS ONE
7:e29674.
Gagnon, P. R., H. A. Passmore, M. Slocum, J. A. Myers,
K. E. Harms, W. J. Platt, and C. E. T. Paine. 2015.
Fuels and ﬁres inﬂuence vegetation via above- and
belowground pathways in a high-diversity plant
community. Journal of Ecology 103:1009–1019.
Gross, K. L., G. G. Mittelbach, and H. L. Reynolds.
2005. Grassland invasibility and diversity: responses
to nutrients, seed input, and disturbance. Ecology
86:476–486.

❖ www.esajournals.org

13

March 2017

❖ Volume 8(3) ❖ Article e01716

HARMS ET AL.
Noel, J. M., W. J. Platt, and E. B. Moser. 1998. Structural
characteristics of old- and second-growth stands of
longleaf pine (Pinus palustris) in the Gulf coastal
region of the USA. Conservation Biology 12:
533–548.
Noss, R. F., W. J. Platt, B. A. Sorrie, A. S. Weakley, D. B.
Means, J. Costanza, and R. K. Peet. 2014. How global biodiversity hotspots may go unrecognized:
lessons from the North American Coastal Plain.
Diversity and Distributions 2014:1–9.
Oksanen, J., F. G. Blanchet, R. Kindt, P. Legendre, P. R.
Minchin, R. B. O’Hara, G. L. Simpson, P. Solymos,
M. H. H. Stevens, and H. Wagner. 2015. vegan:
community ecology package. R package version
2.3–2. http://CRAN.R-project.org/package=vegan
 . 2008. Fire reduces
Pausas, J. G., and M. Verdu
morphospace occupation in plant communities.
Ecology 89:2181–2186.
Pinheiro, J., S. D. Bates, D. Sarkar, and R Core Team.
2015. nlme: linear and nonlinear mixed effects
models. R package version 3.1–122. http://CRAN.
R-project.org/package=nlme
Platt, W. J., S. M. Carr, M. Reilly, and J. Fahr. 2006. Pine
savanna overstorey inﬂuences on ground-cover
biodiversity. Applied Vegetation Science 9:37–50.
R Development Core Team. 2014. R: a language and
environment for statistical computing. v.3.1.1. R
Foundation for Statistical Computing, Vienna,
Austria.
Ratajczak, Z., J. B. Nippert, and S. L. Collins. 2012.
Woody encroachment decreases diversity across
North American grasslands and savannas. Ecology
93:697–703.
Ricklefs, R. E. 1987. Community diversity: relative
roles of local and regional processes. Science
235:167–171.
Rosenzweig, M. 1971. Paradox of enrichment: destabilization of exploitation ecosystems in ecological
time. Science 171:385–387.
Roth, A.-M., D. Campbell, P. Keddy, H. Dozier, and
G. Montz. 2008. How important is competition in a
species-rich grassland? A two-year removal experiment in a pine savanna. Ecoscience 15:94–100.
Roughgarden, J. 2009. Is there a general theory of community ecology? Biology & Philosophy 24:521–529.
Suding, K. N., and K. L. Gross. 2006. Modifying native
and exotic species richness correlations: the inﬂuence of ﬁre and seed addition. Ecological Applications 16:1319–1326.
Thaxton, J. M., and W. J. Platt. 2006. Small-scale fuel
variation alters ﬁre intensity and shrub abundance
in a pine savanna. Ecology 87:1331–1337.
Tilman, D. 1982. Resource competition and community structure. Princeton University Press, Princeton, New Jersey, USA.

Kirkman, L. K., R. J. Mitchell, R. C. Helton, and M. B.
Drew. 2001. Productivity and species richness
across an environmental gradient in a ﬁredependent ecosystem. American Journal of Botany
88:2119–2128.
Kraft, N. J. B., P. B. Adler, O. Godoy, E. C. James,
S. Fuller, and J. M. Levine. 2015. Community
assembly, coexistence and the environmental ﬁltering metaphor. Functional Ecology 29:592–599.
Leibold, M. A., et al. 2004. The metacommunity
concept: a framework for multi-scale community
ecology. Ecology Letters 7:601–613.
Lenth, R. V. 2016. Least-Squares Means: The R Package
lsmeans. Journal of Statistical Software 69:1–33.
Loudermilk, E. L., G. L. Achtemeier, J. J. O’Brien, J. K.
Hiers, and B. S. Hornsby. 2014. High-resolution
observations of combustion in heterogeneous
surface fuels. International Journal of Wildland Fire
23:1016–1026.
MacDougall, A. S., and R. Turkington. 2006. Dispersal,
competition, and shifting patterns of diversity in a
degraded oak savanna. Ecology 87:1831–1843.
McDaniel, D. 1990. Soil survey of Tangipahoa Parish,
Louisiana. US Soil Conservation Service, Washington, D.C., USA.
Mitchell, R. J., J. K. Hiers, J. J. O’Brien, S. B. Jack,
and R. T. Engstrom. 2006. Silviculture that sustains: the nexus between silviculture, frequent prescribed ﬁre, and conservation of biodiversity in
longleaf pine forests of the southeastern United
States. Canadian Journal of Forest Research 36:
2724–2736.
Mitchell, R. J., J. K. Hiers, J. J. O’Brien, and G. Starr.
2009. Ecological forestry in the Southeast: understanding the ecology of fuels. Journal of Forestry
107:391–397.
Mittelbach, G. G., and D. W. Schemske. 2015. Ecological and evolutionary perspectives on community
assembly. Trends in Ecology and Evolution 30:
241–247.
Myers, J. A., J. M. Chase, R. M. Crandall, and
I. Jimenez. 2015. Disturbance alters beta-diversity
but not the relative importance of community
assembly mechanisms. Journal of Ecology 103:
1291–1299.
Myers, J. A., and K. E. Harms. 2009a. Local immigration, competition from dominant guilds, and the
ecological assembly of high-diversity pine savannas. Ecology 90:2745–2754.
Myers, J. A., and K. E. Harms. 2009b. Seed arrival,
ecological ﬁlters, and plant species richness: a
meta-analysis. Ecology Letters 12:1250–1260.
Myers, J. A., and K. E. Harms. 2011. Seed arrival and
ecological ﬁlters interact to assemble high-diversity
plant communities. Ecology 92:676–686.

❖ www.esajournals.org

14

March 2017

❖ Volume 8(3) ❖ Article e01716

HARMS ET AL.
Wallett, W. D. 2015. Neighborhood interactions of an
understory dominant, Aristida stricta, along a soil
resource gradient of the longleaf pine ecosystem.
Thesis, Murray State University, Murray, Kentucky,
USA.
Williamson, G. B., and E. M. Black. 1981. High temperature of forest ﬁres under pines as a selective
advantage over oaks. Nature 293:643–644.
Zobel, M. 1997. The relative role of species pools in
determining plant species richness: An alternative
explanation of species coexistence? Trends in Ecology and Evolution 12:266–269.
Zobel, M., M. Otsus, J. Liira, M. Moora, and T. Mols.
2000. Is small-scale species richness limited by seed
availability or microsite availability? Ecology 81:
3274–3282.

Tilman, D. 1997. Community invasibility, recruitment
limitation, and grassland biodiversity. Ecology 78:
81–92.
van der Valk, A. G. 1981. Succession in wetlands: a
Gleasonian approach. Ecology 62:688–696.
Varner, J. M., and J. S. Kush. 2004. Old-growth longleaf pine forests and savannas of the southeastern
USA: status and trends. Natural Areas Journal 24:
141–149.
Vellend, M. 2010. Conceptual synthesis in community ecology. The Quarterly Review of Biology 85:
183–206.
Walker, J., and R. K. Peet. 1983. Composition and
species diversity of pine-wiregrass savannas of
the Green Swamp, North Carolina. Vegetatio 55:
163–179.

SUPPORTING INFORMATION
Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/ecs2.
1716/full

❖ www.esajournals.org

15

March 2017

❖ Volume 8(3) ❖ Article e01716

